Although divergence in expression is thought to be a hallmark of functional dispersal between paralogs postduplication, there is currently a limited understanding of the mechanisms underlying the necessary transcriptional alterations as recent studies have suggested that only a very small proportion of expression variation could be explained by transcriptional variation between paralogs. To further this understanding, we examined comprehensively curated regulatory interactions and genomewide nucleosome occupancy in budding yeast to specifically determine the contribution of cis-elements to expression divergence between extant duplicates. We found that divergence in activation by transcription factors plays a more important role in expression divergence of paralogs than previously appreciated; further, analysis of promoter chromatin structure demonstrated that differential nucleosome organization is coupled with divergent expression of paralogs. By incorporating information of cis-elements encoding transcriptional regulation and chromatin structure, we improved the fraction of expression variation that was previously shown to be explained based on known cistranscriptional effects by approximately 3-fold. Taken together, our analysis highlights the importance of chromatin divergence involved in expression evolution between paralogs.
Introduction
Duplication of genomic content is critical to the development of novel cellular functionality for eukaryotic organisms (Ohno 1970; Lynch and Conery 2000; Wolfe and Li 2003) . Although the majority of duplicated genes will undergo subsequent pseudogenization through random mutation, those fixed over long periods into a species' genome are thought to either increase (Kondrashov and Koonin 2004; Kondrashov and Kondrashov 2006) or maintain balance of gene dosage (Veitia 2002; Papp et al. 2003) , or undergo sufficient functional divergence as to facilitate their independent retention (Force et al. 1999; Lynch and Conery 2000) . Examination of the expression patterns of duplicated genes in budding yeast has shown that expression divergence both scales with evolutionary time and progresses at a rapid rate (Gu et al. 2002 Makova and Li 2003) , suggesting that alterations in transcription are critical in the functional dispersal of paralogs and, subsequently, their long-term retention. Intuitively, expression divergence between duplicated genes should be observable in the differential binding patterns of transcription factors to the immediate upstream regions of duplicated genes; however, previous work reported that only 2-3% (Zhang et al. 2004) or 8% (Leach et al. 2007 ) of the expression variation between paralogs could be explained by examining regulatory motifs recognized by transcription factors (TFs). This analysis prompted the hypothesis that divergence in gene expression is influenced by many factors in trans (Zhang et al. 2004 ); this hypothesis, however, is not very consistent with recent extensive genotyping data showing trans-divergence only accounted for ;10% of expression variation between paralogs (Leach et al. 2007 ).
Influence of trans-factors aside, other cis influences on gene expression could further explain the lack of observed correlation between TF binding and expression divergence for paralogs. Specifically, prior to TF binding, the chromatin structure of promoters has to undergo a remodeling process, whereby nucleosomes are removed to leave regulatory regions physically accessible by regulatory factors (Jiang and Pugh 2009) . As a large fraction of nucleosome occupancy is encoded by the flanking cis-elements (Field et al. 2008 (Field et al. , 2009 Kaplan et al. 2009 ), deviation in the cis-elements could affect nucleosome positioning and drive divergence in gene expression without observable differences in transcription factor binding sites, as recently observed for expression evolution of some orthologous mating factors across yeast species (Tirosh et al. 2008) . Thus, to further understand expression evolution between paralogs, we re-examined the influence of transcriptional regulation with the consideration of chromatin evolution between paralogs.
Divergence in Transcription Factors Explains More of the Expression Divergence between Paralogs Than Previously Reported
We collected known regulatory interactions in budding yeast from two genomewide ChIP-chip studies (Lee et al. 2002; Harbison et al. 2004 ) and small-scale biochemical experiments curated and reported in the recent literature (Balaji et al. 2006; Yu and Gerstein 2006) . This data set covers 4,684 yeast genes, among which 298 are TFs mediating 15,451 regulatory interactions. To examine duplicated genes, we began with 661 independent gene pairs with sequence similarity not less than 20% identified as being paralogs based on reciprocal best match by Guan et al. (2007) , where an improved approach was implemented to detect paralogs on the basis of Kellis et al. (2004) . We excluded ribosome-related proteins from our analysis because they tend to display unusually coordinated expression (Papp et al. 2003) . The fraction of shared TFs between a pair of duplicated genes was then quantified as the number of common TFs shared by both paralogs divided by the total number of distinct TFs regulating either copy; one minus this fraction was defined as the TF regulatory divergence (i.e., the Jaccard distance). Among the 661 pairs, there were 606 pairs in which both genes had annotated regulatory interactions and expression measured by microarray across 549 physiological conditions (Spellman et al. 1998; Gasch et al. 2000; Hughes et al. 2000) . We then quantified the expression divergence for each of these 606 paralog pairs as 1 minus Pearson's correlation in transcript expression between sister paralogs, ultimately generating a compendium of expression and regulatory data greater in coverage than those used in previous, similar analyses (Zhang et al. 2004; Leach et al. 2007) .
Using this expression and regulatory data, we found a significant correlation between expression divergence and TF regulatory divergence for paralogs (Pearson's R 5 0.367, P , 10 À41 and Spearman's q 5 0.372, P , 10 À41 ). Our results thus suggest a stronger association between these two variables than has previously been reported (e.g., R 5 0.15 or 0.27; Zhang et al. 2004; Leach et al. 2007, respectively) . It is possible that the mechanism of gene duplication affects the subsequent pattern of regulatory evolution. We therefore examined the correlation in regulatory sequence and expression divergence separately for duplicates created by the ancient whole-genome duplication (WGD) and by smaller scale duplications (SSDs). We found little difference in correlation between the two groups (R 5 0.28 for WGD and R 5 0.39 for SSD, P , 4 Â 10 À6 ), suggesting that our approach of a global analysis of all duplicates is appropriate. However, even for all duplicates, the proportion of expression divergence explained by TF divergence (DivTF) is still low (;13.5%, i.e., the square of Pearson's R, 0.3672). We thus investigated whether the divergence in promoter chromatin structure for the paralogs could help explain the pattern of expression divergence.
Divergence in Promoter Chromatin Structure between Paralogs
In yeast, the accessibility of a promoter for a given gene is usually determined by nucleosome occupancy over the 200-bp region upstream of its translation start site (Lee et al. 2007; Shivaswamy et al. 2008; Field et al. 2009 ); these upstream sequences are henceforth referred to as nucsequences. Field and colleagues have devised PNDR (promoter nucleosome-depleted region) scores to quantify the ''openness'' (or the lack of nucleosome presence) for promoter regions corresponding to each yeast gene (Field et al. 2009 ). In essence, this score represents the lowest average nucleosome occupancy across any 100-bp region within the nuc-sequence, with a higher score indicating a more closed promoter. In this framework, nucleosome occupancy at each base within the nuc-sequence was calculated by Field et al. (2008) based on a probabilistic model where information from flanking sequences was considered, and the calculation was highly predictive of the experimentally assayed nucleosome organization. We compiled these PNDR scores for each gene within the set of 606 duplicate pairs and normalized the scores using kernel density estimation for cumulative functions (with a Gaussian window) across the entire genome of 5,778 genes. In this way, the scaled PNDR score represents the estimated fraction of genes having scores less than a given gene. This normalization procedure neither changed the PNDR score rankings across the genome background nor did it distort the original score distribution. Therefore, the divergence in open promoter status (denoted by Dopen) between sister paralogs was then taken to be the absolute difference of the scaled PNDR scores between the two paralogs.
We examined nucleosome occupancy in the context of paralog conservation to determine whether differential nucleosome binding in the promoter sequence of paralogs could selectively contribute to their long-term retention. We obtained the coding sequences of the 606 independent gene pairs from Ensembl database and calculated the synonymous (K s ) and nonsynonymous (K a ) substitution rates per nucleotide between sister paralogs, determining that reliable (i.e., nonsaturated) K s values could be obtained for 147 independent paralog pairs (K s 2). Although not a complete set, these 147 independent pairs do not demonstrate any noticeable bias when compared with the complete paralog set (see Supplementary fig. S1 , Supplementary Material online) and thus were considered a representative set. We found that divergence in promoter nucleosome status between sister paralogs was significantly correlated with K s (Pearson's R 5 0.24, P 5 3.3 Â 10 À3 and Spearman's q 5 0.28, P 5 6.9 Â 10 À4 ). As K s is a good estimate of divergence time for sister paralogs (Li 1997; Gu et al. 2002) , this finding implies that divergence in promoter openness increases with duplicate age.
We compared 79 relatively ancient duplicates (1 , K s 2) with 31 very recent duplicates (K s 0.1), finding that the former were also much more highly diverged in promoter openness (median Dopen 5 0.23 for the ancient pairs vs. Wilcoxon rank sum test). Nonetheless, these ancient duplicates were still more similar in promoter openness than were unrelated pairs of genes sampled from the genome (median Dopen 5 0.30 for 1,000 randomly paired genes, P 5 0.02, Wilcoxon rank sum test). Furthermore, among these ancient pairs, there is an excess of sister paralogs with little diverged promoter status with Dopen 0.05 (P 5 7.68 Â 10
À4
, chi-square test). This observation might be explained by the presence of selection on maintaining the similar promoter chromatin structures even between distant paralogs.
We then asked whether the less diverged nucleosome occupancy for the distant paralogs could be explained by sequence conservation of their nuc-sequences, that is, the promoter regions where nucleosomes reside. We calculated Kimura distance, an established measure of difference for genomic DNA with consideration of the difference between transitional and transversional substitutions (Kimura 1980) , between all the paralogous nuc-sequences, and their sequence divergence is henceforth termed K nuc . Not surprisingly, for the 31 recent duplicate pairs (K s 0.1), their K nuc is highly correlated with Dopen (Pearson's R 5 0.83, P 5 1.05 Â 10 À8 and Spearman's q 5 0.90, P 5 5.82 Â 10
À12
). The significant correlation remains observable for pairs with intermediate divergence time (0.1 K s , 1); however, when considering the 79 ancient duplicate pairs (1 , K s 2), this correlation is substantially reduced (Pearson's R 5 0.18, P 5 0.11 and Spearman's q 5 0.20, P 5 0.08; fig. 1 ). This observation indicates that most of the recent duplicate pairs have little divergence in nuc-sequences and chromatin structure ( fig.1; left panel) , whereas for ancient pairs ( fig. 1 ; middle panel), although their nuc-sequences have substantially diverged, an appreciable proportion of sister paralogs show little difference in promoter chromatin status. We further highlighted this observed discordance by comparing the distributions of conservation values for these ancient duplicates. As demonstrated in figure 1 (the right panel), clearly the nuc-sequences are more divergent than the promoter openness between paralogs for the ancient pairs. Also, examination of TF regulation for these ancient duplicates shows that TF regulation has completely diverged for most ancient duplicate pairs, apparently consistent with the highly degenerate nature of TF binding sites. Therefore, even though ancient duplicates share few common transcription factors and have highly diverged nuc-sequences, their chromatin status are still fairly conserved. It is likely that despite the divergence in molecular function, these sister paralogs still participate in the same functional process; thus, the chromatin states of their promoters are still regulated in the same manner.
Expression Divergence between Paralogs Can Be Better Explained by the Composite Divergence of TF Regulation and Promoter Chromatin Status
Having investigated the evolution of nucleosome occupancy between duplicated genes, we finally investigated the potential involvement of chromatin divergence in expression evolution between paralogs. We examined nucleosome occupancy for the 606 duplicate pairs that have available expression and TF regulation data, finding that expression divergence between sister paralogs is significantly correlated with Dopen (Pearson's R 5 0.21, P 5 2.29 Â 10 À7 and Spearman's q 5 0.19, P 5 3.84 Â 10
À6
). Although this Revisiting the Contribution of cis-Elements · doi:10.1093/molbev/msq041 MBE correlation is weaker than the comparable correlation between expression divergence and divergence in TF regulation (R 5 0.36, see above), it is likely that observed expression divergence can be better accounted for when information from both TF regulation and chromatin status is combined.
We next sought to demonstrate this with an appropriate model.
As the coupling of divergence in TF regulation and differential chromatin status (Dopen) between duplicates is not necessarily linear, we trained a neural network using Levenberg-Marquardt backpropagation (BP) to learn the relationship between TF regulation and chromatin status because neural networks have strong nonlinear function approximation. We empirically designed the neural network with one hidden layer consisting of four neurons of a hyperbolic tangent sigmoid transfer function and one output layer containing one neuron of a linear transfer function, and used mean square error as the loss function. The 606 duplicate genes were then randomly partitioned into training, validation, and test sets 100 times, with the regression between DivTF and Dopen to expression divergence learned at each iteration using the BP neural network on training (60%, 364 among 606 pairs) and validation sets (20%, 121 among 606 pairs), which was used for preventing the network from overfitting the data. The learned composite divergence derived from TF regulation and chromatin status was then independently and blindly tested on the test sets (20%, 121 among 606 pairs). Through the 100 random simulations, we derived an empirical distribution of the estimated correlation between the composite divergence and expression divergence. The composite divergence derived from divergence in TF regulation and chromatin status was found to be significantly correlated with expression divergence. As shown in figure 2A , one random realization from the 100 simulations indicated ;22% of expression divergence could be explained by the composite divergence between TF regulation and promoter structure, with Pearson's R 5 0.47, P 5 5.7 Â 10 À8 and Spearman's q 5 0.44, P 5 4.7 Â 10
À7
. The distribution of Pearson's correlation for the composite divergence from the 100 simulations was also shown in figure 2B (the red bars), contrasting the lessened correlation of TFs alone (the blue bars), which was derived from a matched control with the same sampling protocol.
FIG. 2. (A)
The correlation between expression divergence and the composite divergence in TF regulation and chromatin structures is shown. Data are from one of the 100 simulations in a blind test. The reference line Y 5 X is also shown (the blue thin line) to represent the perfect linear correlation. (B) The histogram of correlations between expression and DivTF (blue bar)/the composite (TF þ chromatin) (the red bar) divergence derived from 100 randomizations. A low P value (Wilcoxon rank sum test) indicates that the composite divergence is significantly more correlated with expression divergence than DivTF alone. (C) The cumulative density of correlation between expression divergence and TF divergence (after neural network mapping) alone (the green curve), the randomized composite divergence derived from TF divergence and the shuffled Dopen (the blue curve), and the real composite divergence derived from paired TF and Dopen (the red curve). The lower curve indicates its higher correlation with expression divergence. These results demonstrate that expression divergence between paralogs can be better explained by the combination of TF regulation and promoter chromatin structure than by TF alone. Li et al. · doi:10.1093/molbev/msq041 MBE To demonstrate that the superiority of the combined TF and nucleosome occupancy approach to determining expression divergence is not a by-product of the differential nonlinear regression of the two metrics, we regressed the DivTF to expression divergence using the same neural network, instead of directly computing their Pearson's correlation. After the same 100 blind tests, we again found that the correlation of DivTF after neural network mapping (median R' 5 0.38) was significantly lower than that of the composite divergence (P 5 6 Â 10
À5
, Wilcoxon rank sum test, see fig. 2C ). Next, to assure that the observed superiority of the combined metric was indeed due to differential chromatin structure of sister paralogs, we matched the DivTF for each pair with a randomly selected Dopen value and computed the correlation of the randomized composite divergence with expression divergence through 100 blind tests. As shown in figure 2C , the randomized correlation is substantially lower than the real composite divergence (P 5 6 Â 10
À6
, Wilcoxon rank sum test), establishing the role of chromatin structure in expression divergence between paralogs.
Discussion
As expression divergence has long been speculated to be an important step in the functional divergence of paralogs, understanding the mechanisms facilitating this divergence is crucial in understanding the retention of paralogs. In our analysis, we first showed that expression divergence could be better explained by differential TF regulation than had been previously reported. This is most likely attributable to the use of more complete TF binding and expression data sets. Indeed, in our analysis, we were able to consider over 15,000 experimentally validated regulatory interactions mediated by 298 TFs, in comparison with the 50 known regulatory motifs analyzed by Zhang et al. (2004) and the predicted binding sites used by Leach et al. (2007) . Although both previous studies also examined ChIP-chip data sets (Zhang et al. examined the data from Lee et al. 2002 whereas Leach et al. used the data from Harbison et al. 2004) , we uniquely combined the two genomewide data sets with other regulatory interactions found within the literature, giving greater coverage. Additionally, we considered expression from 549 conditions compared with the 276 data points used in Zhang et al. (2004) and the 213 conditions in Leach et al. (2007) . These results emphasize the notion that low correlation between expression divergence and differential TF regulation might result, at least in part, from the ''noisiness'' and incompleteness of the data sets in previous studies (Li et al. 2005) .
To further probe what other aspects of cis-regulation may influence expression divergence, we determined how likely differential promoter chromatin status between paralogs could explain expression variation. We found that expression was positively correlated with promoter openness between paralogs, such that greater expression divergence might be achieved from differential promoter chromatin structures between paralogs (i.e., one copy maintains open promoter, whereas the other copy is closed). As duplicate pairs with dissimilar expression profiles are more likely to buffer each other in the face of perturbations (Kafri et al. 2005) , such an evolved differential regulation of their respective chromatin structures could be a strategy in regulating condition-dependent epistasis between paralogs .
By combining the divergence in TF regulation with differential prompter chromatin status, we found that a greater proportion of expression disparity could be attributable to cis-regulatory variations. Furthermore, although these cis-regulatory properties do exhibit the expected correlation with duplicate age, even if controlling for time since duplicated (as approximated by K s ), both DivTF and chromatin divergence are still significantly correlated with expression divergence (P 0.05), suggesting that these properties are being actively modulated.
Although this work shows the importance of TF regulation and nucleosome occupancy in the functional development of duplicated genes, these are likely only pieces of a complex tapestry. We postulate that divergence in both other yet unquantified cis-elements controlling gene regulation and intrinsic forces such as mRNA stability might also play a key role. This notion is supported by our previous finding that duplicate genes in mammals are preferentially regulated by micro-RNAs (miRNAs), and divergence in miRNA binding sites between sister paralogs is significantly correlated with their expression divergence (Li et al. 2008) . Although no miR-NA has been found in Saccharomyces cerevisiae specifically, RNA-binding proteins are extensive and many of them repress protein production of hundreds of target mRNAs (Hook et al. 2007; Hogan et al. 2008 ). In addition, discordant correlation between cis-element and expression divergence for paralogs might be also attributed to turnover of cis-regulatory sequences that nonetheless result in the similar expression phenotype of duplicates (Tsong et al. 2006) .
